To date there is no effective therapy for metastatic melanoma and at the molecular level the disease progression is poorly understood. A recent study by our group led to the development of a novel phenotype switching model for melanoma progression, wherein cells transition back-and-forth between states of proliferation and invasion to drive disease progression. To explore the model's clinical relevance we interrogated phenotype-specific expression patterns in human melanoma patient material. A matched primary/metastasis pair from a human melanoma patient was obtained and immunohistochemically stained for proliferative and invasive phenotype markers. These were also stained for hypoxia and blood vessel markers. Proliferative phenotype markers Melan-A and Mitf showed consistent anti-correlation with invasive phenotype marker Wnt5A and hypoxia marker Glut-1. These also correlated with observed intra-tumoural vascularization patterns. Similar pattern distributions were present in both primary and metastasis samples. Strikingly, we observed that late phase metastatic melanoma cells adopt morphologies and behaviours identical to very early phase cells. The expression patterns observed closely matched expectations derived from previous in vitro and xenografting experiments. These results highlight the likelihood that disease progression involves melanoma cells retaining the capacity to regulate the expression of metastatic potential critical factors according to changing microenvironmental conditions.
Introduction
Malignant melanoma is a cancer of the skin derived from melanocytes for which, despite decades of extensive clinical and basic research, there remains no effective therapy for metastatic forms of the disease. To improve patient outlook it is critical that we understand the changes in cellular behaviour and molecular biology which take place during metastatic progression. The point at which melanoma analysis has the most relevant outcome for patients is the point at which lesions undergo immunohistopathological examination. Here there is repeated opportunity to re-evaluate what we know about melanoma biology in the human context. The structures observed and the molecules identified as being present (or absent) inform our interpretation of what is going on in situ. Presuppositions about how melanoma biology works that we bring with us to the microscope make a critical contribution to this interpretation.
In recent years, our group conceived the phenotype switching model for melanoma progression (Fig. 1a) . This model evokes a biphasic mechanism wherein melanoma cells, in response to microenvironmental signals, switch back-and-forth between states of proliferation and invasion to drive metastatic disease [1, 2] . However, while invitro experiments on human cells and mouse xenografts yielded critical information for deriving the model, it is important that these observations are examined in the context of a human patient to provide clinical relevance.
We present here an immunohistochemically based study of two lesions removed from a 46-year-old female patient. This patient reported to our department with abdominal pain which subsequent CT scan analysis revealed to be caused by a polyploidy lesion of the gallbladder. A cholecystectomy was performed and histological examination identified this lesion to be a metastasis of melanoma. Additional examination of the patient revealed a primary melanocytic lesion on the back of the neck. The excised neck lesion was diagnosed as an ulcerated nodular melanoma with Breslow index of 3.5 mm. Nine months later routine PET-CT staging showed evidence of pulmonary metastases, the patient was staged as pT3bN0M1c. This patient-matched primary/metastasis pair is here interpreted immunohistochemically in the context of the phenotype switching model.
genome gene expression profiling [1] . DNA microarray expression data for this collection were retrieved from NCBI's Gene Expression Omnibus database (http://www.ncbi.nlm. nih.gov/geo/) using accession number GSE4843 (Mannheim dataset 
Image acquisition and analysis
Stained slides were imaged at 0.25 mm per pixel resolution using a ScanScope XT (Aperio, Vista, California, USA). Full-slide scans were captured as high-resolution (0.21 microns/pixel) two-dimensional vector graphic files and selected regions were extracted using ImageScope software (Aperio). Analyses were performed using both slides and acquired images by trained histopathologists (D.M.,R.D.).
Results

Target gene expression patterns
We extracted DNA microarray data for genes known to have phenotype-specific expression patterns as well as other genes believed to have roles in metastatic progression (Fig. 1b) . Melan-A, encoded by the MLANA gene, is a protein of unknown function found in both melanosomal and Golgi-network structures of melanocytic cells [3] . Melan-A protein, also known as MART1 (Melanoma Antigen Recognized by T-cells), is processed by melanoma cells into a peptide that is presented at their surface, allowing them to be targeted by tumour infiltrating lymphocytes. MLANA mRNA expression in vitro is highest in proliferative phenotype melanoma cells and near background levels in invasive phenotype cells (P < 0.001). Microphthalmia-associated transcription factor (Mitf) is critical for the regulation of melanocyte development and survival [4] . It is responsible for Only MLANA, MITF and WNT5A show significant (P < 0.001) differences in gene expression between proliferative and invasive phenotype cells. Data were extracted from GEO using accession GSE4843 and sample phenotype assignments are as established earlier [1] .
regulating the expression of many genes including Melan-A [5, 6] and is thought to be central to the regulation of cell phenotype during melanoma progression [2, 7] . MITF expression in vitro is closely related to that of MLANA, with significantly increased expression in proliferative phenotype cells (P < 0.001).
Wingless-type MMTV integration site family 5A (Wnt5A) is a secreted signalling protein of the non-canonical Wnt pathway involved in regulation of cell fate and embryogenic patterning [8] . In melanoma, Wnt5A is reported to antagonize the expression of both Melan-A and Mitf, making cells less susceptible to T-cell cytolysis [9] . Correspondingly, we find the in vitro expression of its gene (WNT5A) is significantly higher in invasive phenotype cells (P < 0.001) and anticorrelates with MLANA/ MITF expression [1, 9, 10] . Glucose transporter type 1 (Glut-1), encoded by the SLC2A1 gene, is an important glucose transporter in neuronal tissues and in cancer is associated with intra-lesional hypoxia [11] . As hypoxia is considered to be a critical factor in effecting phenotype switching in melanoma cells, we used Glut-1 expression as a proxy for identifying intra-lesional regions of hypoxia.
In vitro, where oxygen levels are normal, SLC2A1 mRNA expression does not change across melanoma phenotypes. The CD31 antigen (also known as platelet-endothelial cell adhesion molecule 1, PECAM1) is a transmembrane protein involved in adhesive interactions between endothelial cells which is widely used as a marker in immunohistochemistry examinations of vascular endothelia [12, 13] . We find that in vitro PECAM1 expression is unchanged across melanoma cell phenotypes.
Primary melanoma lesion immunohistochemistry
The primary melanoma lesion was observed to have three morphologically distinct regions. The first (which we refer to as nested) is an area of monomorphic groups of cells with round nuclei separated by a canalicular network of elongated cells with flattened nuclei. The second region (unstructured) is an area of cells in which the nested structures are broken up and intermixed. The third (intermediate) resembles the nested region except that the cell nests are irregular with fewer and smaller cells that are more tightly packed together and have less welldefined nuclei. This intermediate region also has a canalicular network but it is significantly less coherently arranged than in the nested region. The primary tumour was stained for Melan-A, Mitf, Wnt5A, Glut-1 and CD31, and each of the three identified regions was assessed in detail (Fig. 2) .
The nested region of the primary lesion showed that the cell nests consistently stained for Melan-A whereas the canalicular network remained unstained. Mitf staining was clearly apparent in cell nest nuclei and absent from the canalicular network. For Wnt5A we observed no staining in either cell nests or network cells. There was a little Glut-1 staining among network cells (marking possible erythrocytes) and none in cell nests. Interestingly, there was significant CD31 staining among network cells, particularly where vessel lumens were apparent.
In unstructured regions, staining for both Melan-A and Mitf was lighter and heterogeneous. Conversely, staining patterns for Glut-1 and Wnt5A were significantly increased. CD31 staining was also present, but revealed fewer welldefined vesicular structures than was seen in nested regions. All staining patterns appeared heterogeneous and were not related to particular cell morphologies. Interestingly, it is apparent that there are signs of cytoplasmic pigmentation in cells unstained by Melan-A. One possibility is that these cells had earlier expressed melanocytic factors, or alternatively they may simply represent melanophages.
Melan-A and Mitf staining patterns in the intermediate region was consistent with nested staining patterns, although the intensity of staining was heterogeneous with some nest cells being unstained and cytoplasmic Mitf staining was heavier. Wnt5A and Glut-1 staining patterns, however, appeared to include nest cells as well as network cells. CD31 staining in the intermediate region was strikingly aligned with subgroups of network cells, but there were fewer clear vessel structures than could be discerned in nested regions.
Gallbladder melanoma lesion immunohistochemistry
A matching melanoma metastasis to the gallbladder from the same patient was available. We identified four distinct regions of this tumour to compare antigen-detection patterns. The first (central) is deep in the main metastasis adjacent to remnant columnar epithelia (not associated with lumina characteristic of healthy tissue). The second (peripheral) is on the metastasis periphery adjacent to largely intact columnar epithelial tissues within the gallbladder. The third region (distal) is clearly separated from the main metastatic structure and involves columnar epithelia enclosing a large lumen. A fourth region (uninvolved) was selected from an area rich in columnar epithelia unaffected by the metastasis. As with the primary lesion this metastasis was immunoassayed for Melan-A, Mitf, Wnt5A, Glut-1 and CD31 (Fig. 3 ).
Most cells within central regions stained for Melan-A and Mitf, many of these cells appeared to be arranged in nests not dissimilar from those identified in the nested regions of the primary lesion. On the other hand, some cells adjacent to remnant columnar epithelia stained less strongly for these markers. We found also that a number of Melan-A/Mitf positive cells had infiltrated and dispersed within the remnant columnar epithelia. By comparison, staining both for Glut-1, CD31 and Wnt5A was limited to cells adjacent to columnar remnants. In the middle of the tumour, it is likely that CD31 staining is limited to macrophages.
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Melan-A staining of peripheral regions typically highlighted cells much as they appear in central tissues but there were many cells dispersed within intact columnar epithelia (Fig. 3b) . Mitf staining was weaker but corresponded closely to Melan-A staining. Interestingly, staining for Wnt5A and Glut-1 largely corresponded with Melan-A/Mitf expression, although staining was less consistent in the columnar epithelia. CD31 was clearly apparent in the stroma separating columnar epithelia.
In the distal region, Melan-A staining revealed melanoma cells dispersed among columnar epithelia and not in the stroma. Most Melan-A stained cells aligned on the basement membrane and, as seen in similarly structured peripheral regions, tended to disperse along it. Mitf staining, although weaker, closely followed the dispersed basal membrane aligned pattern. Wnt5A staining was somewhat different, in which nearly all cells of the columnar epithelia were positive for this marker, whereas stromal regions were not. Glut-1 staining, on the other hand, revealed a small number of marker-positive cells dispersed throughout the stroma which are most likely erythrocytes within stromal vasculature. CD31 staining was apparent in both the columnar epithelia (particularly near the apical membrane within these cells) as well as the stroma (similar to the pattern observed in this tissue type in peripheral regions).
Although Melan-A staining was absent within uninvolved regions there was occasional staining for Mitf, although far less frequently than in any of the other regions examined, and it was restricted to the stromal interstices. Although Wnt5A staining was absent, Glut-1 staining was identical to that found in the distal area with occasional labelling of erythrocytes. In comparison, uninvolved stromal regions were consistently stained for CD31 indicating the presence of vesicular structures.
Closer examination of the columnar epithelium in the peripheral and distal regions of the gall bladder metastasis highlighted Melan-A positive cells invading these structure (Fig. 3a) . Interestingly, in comparison with a melanocyte of uninvolved skin there is no morphological difference and also signs of pigment are visible around Melan-A positive tumour cells in the columnar epithelium of the gall bladder (Fig. 3b) .
Discussion
In previous studies, our group derived a model for melanoma progression in which melanoma cells switch back-and-forth between phenotypes of proliferation and invasion to drive disease progression [1, 2] . To distinguish between proliferative and invasive cells in vivo we used phenotype-specific markers Melan-A and Mitf (expressed by proliferative phenotype cells) and Wnt5A (expressed by invasive phenotype cells). Importantly, we show here that the phenotypes are readily identifiable in each of a matched primary/metastasis pair, as predicted by the phenotype switching model. We also show cells which express markers from both phenotypes confirming the presence of so-called intermediate phenotype melanoma cells which were predicted by the DNA microarray studies [1] .
In nested regions of the primary lesion nests of cells staining strongly for both Melan-A and Mitf did not stain for Wnt5A, indicating that these were proliferative phenotype melanoma cells. This differed in unstructured 
The immunohistochemistry of phenotypes
regions of the same lesion where Melan-A and Mitf staining was greatly reduced in cells with significant expression of Wnt5A, showing that these are invasive phenotype melanoma cells. These inverse expression patterns could also be seen in central regions of the gallbladder metastasis. Clonal evolution models attribute heterogeneity of staining patterns that persist between primary and metastatic lesions to stochastic processes [14] . This infers that since nearly all lesions retain cells which express melanocytic markers the cells responsible for metastatic spread retain these characteristics, while other melanoma cells have, due to accumulated mutation, presumably lost both their capacity to express melanocytic markers and metastatic potential [15] . Following the stochastic model this would have to be true because melanoma metastases almost always present with melanocytic characteristics. However, we have shown in vitro that while melanoma cells expressing melanocytic markers are proliferative they are weakly invasive [1] . Furthermore, we have demonstrated that cells which do not express melanocytic markers still give rise to xenograft lesions containing melanocytic cells [2] . This along with findings made by others [16] shows that melanoma cells may switch on or off gene sets according to the microenvironmental signalling. We therefore argue that cells expressing Wnt5A but not melanocyte markers are the cell type which escaped the primary lesion to seed the gallbladder metastasis, and there reverted to a proliferative (and melanocytic) phenotype. Indeed, many Melan-A expressing cells which have evolved from the cells which invaded columnar epithelial structures have taken on a dispersal pattern and morphology which is nearly indistinguishable from normal epithelial melanocytes (Fig. 3b) . This phenomenon highlights the plasticity of melanoma cells and further supports the phenotype switching hypothesis of melanoma progression. The basement membrane of the gallbladder is structured similarly to that of the skin [17] , and it is likely that melanoma cells encountering this microenvironment are induced to morphologies which recall those of melanocytes at the epidermal/dermal interface.
Interestingly, in both primary lesion intermediate tissues and metastatic peripheral regions melanoma cells are stained by markers from both phenotypes. In our earlier studies, we have reserved discussion to melanoma cells which represented opposite ends of the phenotype spectrum of proliferation and invasion and argued that cells must switch between these to drive metastatic disease. We previously acknowledged there were cell line examples which appeared to be intermediates populating the continuum between phenotype extremes, and their expression profiles included genes from both proliferative and invasive signatures [2] . We conclude, based on co-expression of markers from both phenotypes, that the cells in the intermediate region of the primary lesion and the peripheral region of the metastasis are indeed intermediate phenotype melanoma cells.
We were also interested in examining the staining patterns of CD31, a specific marker for blood vasculature, in human melanoma tissues. Therefore, the expression pattern of blood vessel marker was compared against those of known phenotype-specific factors (Mitf/Wnt5A). In nested regions of the primary we observed extensive CD31 staining of network cells, particularly of cells enclosing lumens. In conjunction with Glut-1 expression (a hypoxia marker) being absent in cell nests this strongly hints at the presence of a functional microcirculatory system. Such a distribution of structures and markers has a bearing on the phenotype switching model for melanoma progression. We have earlier proposed that hypoxia provides a mechanism for driving the switch from a proliferative to an invasive melanoma cell phenotype [2] . It would explain why in nested regions, well serviced by oxygensupplying blood vessels, there is no evidence of Wnt5A-expressing invasive phenotype cells. This is in stark contrast to the unstructured regions of the primary where the arrangement is a disorganized mass of differently shaped cells. Here there is, despite frequent CD31 staining, very little indication of the presence of a functioning microcirculatory system and increased Glut-1 staining suggests that hypoxia levels are high. Accordingly, Melan-A/Mitf levels are reduced and Wnt5A staining is strong, suggesting that these cells are invasive phenotype melanoma cells.
There were apparent off-target stainings in the gallbladder metastasis. Among the most interesting were the few Mitf-positive nuclei identified in uninvolved regions. These cells are distinct from Mitf-positive cells found in other regions because they do not express Melan-A and they are located in the stroma. This suggests that these cells are instead mast cells, which express Mitf and were earlier reported to be present in the connective tissues of gallbladder [18, 19] . Furthermore, gallbladder is a derivative of the endoderm and normal melanocytic cells have yet to be described in organs of endodermal origin [20] . Wnt5A expression in distal but not uninvolved region epithelia is difficult to explain. It may be unrelated to the melanoma metastasis as this factor is known to be involved in apicobasal cell polarization in developing gut epithelia [21, 22] .
In conclusion we show here, in a matched primary/metastasis pair from a human melanoma patient, expression patterns of factors associated with proliferation, invasion and vascularization which correlate with what is expected from the phenotype switching model of melanoma progression. This parallels earlier studies performed under culturing conditions and in xenografted mouse experiments. Furthermore, as pathologists we focus on cells whose morphology has significantly deviated from non-neoplastic progenitor cells (e.g. large size, pleomorphic nuclei) to identify the malignant drivers of metastatic disease. However, the example we present here shows that melanoma cells in a distal metastasis can present in a form identical to normal epidermal melanocytes. This chameleon-like behaviour, in which cellular shape and molecular complement remain highly plastic throughout disease progression, highlights the difficulty faced by pathologists as they seek to adequately interpret what the microscope reveals.
